& Key message There is considerable genetic gain of tree volume from clonal deployment in Norway spruce (Picea abies (L.) H. Karst) and clonal deployment will have at least 50% more or double genetic gain than the seedling deployment. & Context Genetic parameters and genetic gains for wood quality and growth traits were estimated in six large clonal progeny trials. & Aims Develop the optimal clonal deployment strategy of Norway spruce in Sweden. & Methods Wood quality and growth traits were measured in all clonal trials and additive and non-additive genetic variances are partitioned. & Results Additive and non-additive genetic variances were equally important for growth traits while non-additive variance was small or not significant for wood quality trait. The genetic gain predicted for clonal deployment was greater than any of the other four deployment strategies. Selecting the top 1% of tested clones (clonal forestry) would have 48.4% and 134.6% more gain than the gain predicted for the seedling deployment of selected full-sib families and half-sib family (family forestry), respectively, at the same selection intensity. & Conclusion This study highlights that testing of 30-40 clones per family would maximize the realized genetic gain for different clonal selection scenarios, either selecting the best ten or 20 clones without any co-ancestry restrictions or selecting the best single clone from each of the best ten or 20 families (e.g., co-ancestry restriction). Clonal mean selection and vegetative deployment are the most effective.
Introduction
The total genetic variance in a biological trait can be partitioned into additive, dominance, and epistatic variances (Falconer and Mackay 1996) . In forestry, however, quantitative geneticists have commonly ignored the interaction between alleles (dominance) at a locus and the interactions alleles between loci (epistasis) in the analysis of progeny trials (Foster and Shaw 1988) . The main reasons are the lack of well-designed experiments with a full-sib family structure in a clonally replicated trial and limited number of families and clones within a family tested. Traditionally, two methods have been used to partition the genetic variance in forestry without using inbreeding methods. First, Foster and Shaw (1988) estimated the epistatic genetic variance from a clonally replicated experiment using the expected covariance among relatives. The model assumes that the epistatic genetic effect is mainly from numerous high-order interactions between loci. In contrast, another model proposed by Wu (1996) was based on the assumption that epistasis for a quantitative trait is limited to interactions between pairs of quantitative trait loci (QTL) only. Currently, many tree species based on genomic data has discovered significant epistatic genetic variance based on the interaction between QTL pairs, such as additive × additive, additive × dominance, and dominance × dominance interaction effects (Muñoz et al. 2014; Bouvet et al. 2016; Gamal El-Dien et al. 2016; Chen et al. 2019; Tan et al. 2018) . Without clonally replicated experiments, however, it is difficult to explain how total genetic variance is distributed among the three components and make a sound judgment in optimal deployment strategy. Mullin and Park (1992) defined five types of commonly used heritabilities applicable to full-sib clonal trials and its relevance for selection and deployment strategies in forestry. They are as follows: (1) narrow-sense heritability (h 2 ); (2) broadsense heritability (H 2 ); (3) half-sib family mean heritability (H 2 HS ); (4) full-sib family mean heritability (H 2 FS ); and (5) clone mean heritability (H 2 CL ). For each of the five types of heritability, a corresponding selection and deployment strategy was proposed as: (1) forward mass selection of the best individuals and selected trees grafted into seed orchards for deployment of their seedlings (i.e., Seedling-based Open-Pollinated individual Forward selection (SOPF)); 2) forward mass selection of the best individuals and deployment with vegetative propagation (i.e., Clonal-based INdividual Forward selection (CINF)) using rooted cuttings (RC) or somatic embryogenesis (SE); (3) selecting the best parents based on their breeding values (backward general combining ability (GCA) selection) followed by repeated crossings in nature or in a grafted seed orchard in order to produce and deploy the progeny seedlings (i.e., Seedling-based Half-Sib family Backward selection (SHSB)); (4) selecting the best full-sib family (backward specific combining ability (SCA) selection) followed by repeated controlled crosses in a grafted seed orchard in order to produce and deploy progeny seedlings (i.e., Seedling-based Full-Sib family Backward selection (SFSB)); and 5) selecting the best clones, tested in a trial with replication, followed by deployment of these clones using vegetative propagation methods such as RC or SE (i.e., Clonal-based Replicated Clone Forward selection (CRCF)). In summary, h 2 , H 2 , and H 2 CL were used to forward mass selection, while H 2 HS and H 2 FS are used to backward mass selection. The three selection and deployment strategies including SOPF, SHSB, and SFSB which are related to h 2 , H 2 HS , and H 2 FS , respectively, are often referred to as family forestry strategies and are based on all seedlings produced or rooted cuttings from these seedlings in some conifer species such as radiata pine in Australia and Norway spruce in Sweden. CINF and CRCF are, on the other hand, referred to as clonal forestry because the best clones were selected for vegetative propagation and deployment. The only difference between CRCF and CINF is that the latter does not require the establishment of a clonally replicated test but rather deploy the best individuals using vegetative propagation.
Norway spruce (Picea abies (L.) H. Karst) is the most commercially important tree species in Swedish forestry (Hannrup et al. 2004 ). The Swedish breeding program for Norway spruce has been focused on growth, survival, branch quality, and wood density (Rosvall et al. 2011) . Genetic parameters have been estimated for many full-sib and half-sib seedling progeny trials (Hannrup et al. 2004; Kroon et al. 2011; Chen et al. 2014) and also for clonal trials, but without family structure (Bentzer et al. 1989; Karlsson et al. 2001; Högberg and Dutkowski 2010; Isik et al. 2010) . A most recent study of Norway spruce in clonal trials included family structure (Berlin et al. 2019 ), but considered just growth properties. There was a particular call to accurately estimate non-additive genetic variance for Norway spruce in a recent review of clonal forestry of Norway spruce (Wu 2018) . In estimating genetic parameters using clone trials in conifer, another issue is that the number of families available has usually been in the low double-digit figures (Baltunis et al. 2007; Weng et al. 2008) or even less than ten (Isik et al. 2003; Isik and Kleinschmit 2005) . The limited population size makes it difficult to accurately estimate the different sources of the genetic variance of growth traits. For the purpose of clonal forestry deployment, selection mainly focuses on the genetic variation within just a few elite families. Thus, it is important to capture enough of the variation (number clones per family) within these elite families. Therefore, one issue is to find the optimal number of clones per family in order to capture a large part of the within-family variation, achieve largest genetic gains, and maintain genetic diversity under constraints of the trial size and costs. This issue has not yet been sufficiently resolved for Norway spruce.
The aims of this study were to (1) partition the total genetic variance into additive and different non-additive sources of variation for growth and wood quality traits assessed at different ages in clonally replicated field trials of large family size;
(2) estimate genetic parameters for growth and wood quality traits and compare them with previous studies in Norway spruce; and (3) evaluate the effects of family size and diversity on the genetic gain in a population. This study was done in four control-pollinated and two open-pollinated clonal trials of Norway spruce located in southern and central Sweden.
Materials and methods
2.1 Plant material and field trial
Full-sib clonal trials
The seed underlying the clonal material of this study originated from a sparse partial diallel mating design between selected and trees within southern Sweden's seed orchard zone 8-9S. Forty-nine parents including 30 females and 22 males were used for making the crosses. In total, 32 full-sib crosses have been done. The produced seeds were sown in spring 2001 into pots. After 1-year growth, the seedling (donor) plants were transplanted to nursery beds and arranged in a row-wise manner with an average of approximately 60 donor plants per family (range from 11 to 109 surviving plants per family). In the early spring of 2004, clones for the propagation of cuttings were visually selected within each family based on good growth and vitality. Roughly 70% of the donor plants per family were selected as candidates for field testing (varying between 38 and 97% of clones within each family).
Finally, rooted cuttings from 1430 clones from 32 full-sib families were planted in four clonal trials in 2007, which were registered as S21S0721387 (S1387), S21S0721388 (S1388), S21S0721389 (S1389), and S21S0721390 (S1390). A randomized incomplete block design using the single-tree plot was used in all four trials. Finally, each family from four trials had an average of 44.7 clones (18-64 clones). Detailed descriptions about location, soil type, and climate condition of trials are given in Table 1 .
Half-sib clonal trials
Two clonal half-sib progeny trials of Norway spruce, S22S94202237 (S237) at Lugnet and S22S94202239 (S239) at Grangärde, were established in 1994 in central Sweden. The detailed description of the two trials was shown in Table 1 . Rooted cuttings for 2244 clones from 138 half-sib families were planted with an average of 16.9 clones for each family. A randomized incomplete block design using a single-tree plot was used in both trials.
Measurement of Pilodyn penetration depth in standing trees
In order to indirectly assess wood density under the bark, the Pilodyn penetration depth (Pilo) was measured using a Pilodyn 6J Forest (PROCEQ, Zurich, Switzerland) with a 2.0-mm diameter pin, without removing the bark. The measurement was conducted at approximately 1.3 m above the ground for each tree and on the same side for all trees in the trial S239 (Table 2 ). In the trial S1387, Pilo was measured from two sides of the tree and the average was used for the analysis.
Measurement of the resistograph
The micro-drill Resistograph IML-RESI PD300 (Instrumenta Mechanic Labor, Germany) was used, as an alternative method in order to determine the wood density of standing trees in the trial S237. The resistograph was used for drilling trees bark to pith to bark at a tree height of ca. 1.3 m and special attention was paid to avoiding drilling through knots or visible stem damages. Each profile was checked immediately after drilling on the tool's screen and the measurement was repeated when necessary. Custom software is available from a web URL (https://forestquality.shinyapps.io/EucalyptResiProcessor/) (Downes et al. 2018 ). Finally, the mean resistance (resistograph (Resi)) values were provided from the data profile.
Measurement of acoustic velocity
The Hitman ST300 tool (Fiber-gen, Christchurch; New Zealand) was used to determine the acoustic velocity (AV) at the tree side with fewer branches in two half-sib trials ( Table 2 ). All obstructing branches below the height of approximate 2 m were removed from the trees before the measurement. To avoid knots as much as possible, the upper probe was usually inserted just below the higher branch whorl and the lower probe was placed just above the lower whorl.
Estimating the dynamic modulus of elasticity
Based on the observed high correlations between Pilo and wood density, between AV and microfibril angle (MFA) , and between resistograph (Resi) and wood density (Fundova et al. 2018) , either Pilo or Resi was used as a surrogate for estimation of wood density of a standing tree. The dynamic modulus of elasticity (MOE) was thus calculated using the following two models, respectively:
Measurement of growth traits
The tree height (cm) was measured by the tangent (clinometer) method and the diameter at breast height, ca. 1.3 m (DBH, mm), was measured by digital calipers.
Estimating the tree volume
Volume (VOL) of each tree (dm 3 ) was estimated with a function by Brandel (1990) : where DBH is the diameter at breast height (1.3 m) (cm) and HT is the tree height (m).
Statistical analysis

Full-sib trials
Across-site analyses for traits measured in the four southern Swedish full-sib clonal trials were conducted with the following single-tree model
where y is the vector of the observations for a specific trait in the four full-sib clonal trials, b is the vector of fixed effects (i.e., overall mean, trial, and complete blocks within a trial), a, f, c, al, fl, and cl are the vectors of random additive genetic effects of individual genotypes, random special combining ability (SCA) effects, clones within full-sib family effects, additive genetic effect by location (trial) interaction effects, SCA-by-location effects, and clones within full-sib familyby-location effects, respectively. X, Z 1 , Z 2 Z 3 , Z 4 , Z 5 , and Z 6 are the known incidence matrices related to the b, a, f, c, al, fl, and cl, respectively. The variances associated with the random effects: a, f, c, al, fl, and cl, are referred to as Aσ 2 A , Iσ 2 SCA , Iσ 2 C , Aσ 2
AxL , Iσ 2 SCAxL , and Iσ 2 CxL , respectively, where A is the pedigree relationship and I is the incidence matrix. The vector e represents residual effects~N(0, R), with heterogeneity of variance among j sites R ¼ σ 2 e 1 I n 1 ⨁σ 2 e 2 I n 2 ⨁…⨁σ 2 e j I n j , where ⨁ is the direct sum The average of the four residual variances from the four full-sib trials σ 2 e was also estimated. Traits of HT, VOL, and Pilo at age 12 were only measured in the S1387 full-sib trial (Table 2) ; thus, the following single-site and single-tree model was used:
where all effects are the same as Eq.
(1), except that b only includes the overall mean and block effects.
Half-sib trials
The across-site analysis for all traits in the two half-sib trials used the following single-tree model Table 2 The traits measured/predicted and ages in the six clonal field trials in southern and central Sweden Traits (units) S237 S239 S1387 S1388 S1389 S1390 
where y is the vector of the observations for trait in two halfsib clonal trials, b is the vector of fixed effects (i.e., overall mean and trial), and a and al are defined as above, except for b 0 , n, and nl, which are the vectors of incomplete block within a trial, clones within half-sib family (i.e., non-additive effects), and clones within half-sib family-by-location effects, respectively. X, Z 0 ,Z 1 , Z 3 , Z 4 , and Z 6 are the known incidence matrices related to the b, b 0 , a, n, al, and nl, respectively. The variances associated with the random effects: b 0, a, n, al, and nl, were referred to σ 2 b , σ 2 A , σ 2 N , σ 2 AxL , and σ 2 NxL , respectively. In the half-sib trials, to avoid confounding of incomplete block and genetic effects, the block effects were here assumed to be random. The vector e represents residual effects~N(0, R), where heterogeneity of variance between the two sites is modeled as R ¼ σ 2 e 1 I n 1 ⨁σ 2 e 2 I n 2 , and the average of the two residual variances from the two half-sib trials σ 2 e was also estimated. All traits measured in only a single half-sib family clonal trial (see Table 2 ) were analyzed with the single-site and single-tree model as follows
where all the definitions of the respective effects are the same as in Eq.
(3). The variance associated witĥ
is the estimate of additive genetic variance in both full-sib and half-sib trials. V A , V AA , and V AAA pertain to the additive genetic variance and epistatic genetic variance due to interactions of additive effects at two and three loci, respectively.
is the estimate of dominance genetic variance in full-sib clonal trials. V D , V AA , V AD , and V DD correspond to dominance genetic variance and epistatic genetic variance due to interactions of additive-by-additive, additive-by-dominance, and dominanceby dominance effects at two loci.
is the estimate of epistatic genetic variance in full-sib clonal trials and
is the non-additive genetic (dominance and epistatic) variance in the half-sib clonal trials. To estimate the total genetic variance (V G ), the equations:
were used to full-sib and half-sib clonal trials, respectively. Furthermore, the total phenotypic variance was estimated as
for full-sib and half-sib clonal trial analyses, respectively. Also, we adjusted the equation (Weng et al. 2008) to calculate the phenotypic variances of half-sib family means as
for full-sib and half-sib clonal trials, respectively. The coefficients of denominator degrees of freedom are k 1k 6 and k 7k 10 for the model terms of full-sib and half-sib clonal trials, respectively, and were necessary for the correct calculation of family mean variances. To obtain these coefficients, additional analyses were made where the respective individual linear models (Eqs.
(1-4)) were replaced with equivalent parental family models, but with homogenous residual variances for different trials. From the results of those analyses, the coefficients were extracted by using the DDF function in ASReml 4.1. The principal difference between individual and family models was that parental general combining ability (GCA) term replaced the additive genotype effect term. This implies a variance relationship between GCA variance and additive genetic variance as σ 2 GCA ¼ 1 4 σ 2 A which was accounted for when applying the coefficients for downstream family mean variance calculations. In addition to V P HS , we also adjusted the equation (Weng et al. 2008) to calculate the phenotypic variance of full-sib family means in full-sib clonal trials as:
Finally, phenotypic variances of clonal means were calculated as:
for analyses of full-sib and half-sib clonal trials, respectively. When those estimated variances are related to single-site analyses, genetic-by-location interaction effects were excluded from the four estimated phenotypic variances above.
Heritability estimates
With respect to heritability,
is the estimate of individual-tree broad-sense heritability;
=V P FS is the full-sib family mean heritability; and H 2 CL ¼ V G =V P CL is the clonal mean heritability. Approximate standard errors for variance components and heritabilities were estimated using the Taylor series expansion method in ASReml 4.1 (Gilmour et al. 2015) .
Expected genetic gain
The expected genetic gain (ΔG) as a percentage of the overall trait mean (y ) was estimated for five types of selection and deployment strategies (Mullin and Park 1994) under the selection intensity of i = 2.67 (i.e., 1%). The selection and deployment strategies included (1) individual forward mass selection and grafted seed orchard (SOPF); (2) individual forward mass selection and cloning (CINF); (3) backward selection of parents (GCA) and polycross (SHSB); (4) backward selection of specific parent pairs and repeat crossing (SFSB); and (5) forward selection based on clonal means followed by further vegetative propagation (CRCF). Based on each selection and deployment strategy, the following formulae for each of expected genetic gain were used:
is the genetic gain associated with SOPF;.
is the genetic gain associated with CINF;
is the genetic gain associated with SHSB;
is the genetic gain associated with SFSB;
is the genetic gain associated with CRCF.
The optimal family size for clonal testing
In order to estimate the optimal family size (number of clones within a full-sib family) for both maximized genetic gain and then maintain recommended diversity (10-20 clones based on simulation (Ingvarsson and Dahlberg 2018) ) in clonal forestry (CRCF), random subsets of clones at the range 5, 10, 15, 20, 25, 30, 35 , and 40 clones without replacement from each of the 32 full-sib families present in the full-sib clonal trials were sampled to estimate the trend of the genetic gain. To account for the long-term risks associated with the deployment of a few and possibly interrelated clones in Swedish forest stands (Rosvall et al. 2019) , four selection strategies were evaluated:
(1) selecting the best ten clones without any restrictions on the relationships among the selected clones and (2) selecting the best single clone within each of the ten best families, and (3) selecting the best 20 clones without relationship restrictions and (4) selecting the best single clone within each of the 20 best families. Thus, 32 combinations of family-size and selection strategy were evaluated and the random subset sampling procedure was repeated ten times for each scenario. The genetic gain (%) was calculated as
where p i is the fractional contribution to the clonal mixture by the ith clone and GV i is the ith clonal genetic value (GV = Z 1 a + Z 2 f + Z 3 c, from Eq. (1), which is related to the CRCF strategy with genetic gains predicted by ΔG H 2 CL . The mean of ΔG across the ten repetitions was calculated for each strategy/family-size combination. ASReml-R4 was used to conduct the simulations (Butler et al. 2017 ).
Results
Distribution of genetic variance components
Estimates of variance components and genetic parameters for growth and wood quality traits, obtained from four full-sib and two half-sib clonal trials, are presented in Tables 3 and   4 . In the full-sib clonal trials, additive genetic variance (V A ) accounted for 45.1 to 67.8% of the total genetic variance for the different traits. Dominance variance estimates (V D ) were zero for most traits but DBH 12 and Pilo 12 which had V D estimates accounting for 10.6% and 54.5% of the total genetic variation, respectively, and their standard errors were larger than their variance components. Epistatic variance estimates of HT 6 , DBH 12 , and VOL 12 varied from 32.2 to 55.2% of the total genetic variance for the different traits while HT 12 and Pilo 12 showed no epistatic genetic variation at all. For traits measured at multiple sites, additive-by-location interaction effects (σ 2 AxL ), SCA-by-location interaction effects (σ 2 SCAxL ), and clone within family-by-location interaction effects (σ 2 CxL Þ explained only small amounts of the phenotypic variances (0.0-1.8%).
In the two half-sib clonal trials, all growth traits (HT 3 , HT 6 , HT 13 , DBH 13 , DBH 25 , and VOL 13 ) showed non-additive genetic variance estimates (V N ) that are higher than the corresponding additive genetic variances. For example, V N for HT 6 accounted for 64.2% of the total genetic variance, which was close to twice the additive variance (35.8%). For wood quality traits, V N was estimated at zero, except for Resi 25 where V N accounted for 29.0% of the total genetic variance. For growth traits, percentages of the additive-by-site variance σ 2 AxL (4.7-7.4%) were higher than the corresponding percentages for the full-sib trials (0.6-1.8%). The residual variance component was the largest source of variation in both full-sib and half-sib clonal trials for all traits, accounting for 78.6-87.8% of the phenotypic variance for growth traits and 47.4-61.6% of the phenotypic variance for wood quality traits. 
Heritability
Five types of heritabilities for different traits are shown in Tables 5 and 6 for full-sib and half-sib clonal trials, respectively. In the full-sib and half-sib clonal trials, clonal mean heritability (H 2 CL ) estimates were always larger than individual-tree narrow-sense (h 2 ) and broad-sense (H 2 ) heritabilities for all traits. H 2 CL varied from 0.22 for DBH 25 to 0.66 for Resi 25 (Tables 5 and 6) and h 2 varied from 0.03 for DBH 25 to 0.43 for Pilo 25 , while H 2 varied from 0.09 for DBH 25 to 0.49 for Resi 25 .The h 2 estimates of most wood quality traits including AV, Resi, Pilo, and MOE (0.21-0.43) were systematically higher than those of growth traits (0.03-0.09).
In full-sib clonal trials, both half-sib (H 2 HS Þ and full-sib (H 2 FS ) family mean heritabilities were usually higher than H 2 CL estimates, except for Pilo 12 where the H 2 CL estimate (0.63) was higher than H 2 HS (0.58). For growth traits measured only in a single full-sib trial (HT 12 and VOL 12 ), estimates of H 2 HS and H 2 FS were more than twice as high as those of H 2 CL . In half-sib clonal trials, however, H 2 HS estimates for growth traits (0.19-0.49) were lower than the corresponding H 2 CL 
Genetic gain
Given a common selection intensity of 1%, the expected genetic gains for different traits under five different selection and deployment strategies are shown in Table 7 and b for full-sib and half-sib clonal trials. In full-sib clonal trials, the expected genetic gain (EGG) achieved by mass selection and grafted orchard (SOPF, ΔG h 2 ) ranged from 3.7% for HT 12 to 12.4% for VOL 12 . EGGs achieved by mass selection and cloning (CINF, Δ G H 2 ) ranged from 7.3% for HT 12 to 18.7% for VOL 12 . EGGs by clonal mean selection and cloning (CRCF, Δ G H 2 CL Þ varied from 11.3% for HT 12 to 27.7% for VOL 12 and were consistently higher than the corresponding EGGs for backward parental (GCA) selection (SHSB, ΔG H 2 HS , 5.3 to 19.8%) and EGGs for backward selection of specific controlled crosses (SFSB, ΔG H 2 FS , 8.6 to 27.5%).
For the half-sib clonal data analyses, ΔG h 2 of SOPF varied from 2.1% for DBH 25 to 19.3% for MOE 25 . For the CINF strategy, ΔG H 2 varied from 4.5% for AV 25 to 29.5% for VOL 13 . Finally EGGs for the CRCF strategy (ΔG H 2 CL ) varied from 6.1% for AV 25 to 48.5% for VOL 13 and were systematically higher than the EGGs for all other strategies available for half-sib clonal trials (SOPF, CINF, and SHSB).
The optimal family size to capture the most clonal gain
To detect the optimal family size considering both genetic gain and the maintenance of genetic diversity at deployment, additional predictions of the genetic gain for DBH 12 were made based on four putative selection scenarios. The results of this subsampling and selection response predictions are shown in Fig. 1 . The realized genetic gain (RGG) achievable decreased from scenario 1 to scenario 4 irrespective of family size but the scenarios exhibited similar trends where the genetic gain increased by an increasing number of available clones per family. The RGG using scenario 1 increased quickly from 15.1% when five clones were available per family to 19.7% when 25 clones/family were available and then a slight further increase to 20.1% when 40 clones/family were available. To consider diversity for deployment using scenarios 3 and 4 compared with scenarios 1 and 2, the RGG decreased, especially for scenario 4 which imposed restrictions on the co-ancestry between selected individuals. 
Discussion
Partitioning of genetic variances and genetic parameters
Traditionally, partitioning epistasis requires either inbred lines or a vegetatively propagated (clonal) population (Foster and Shaw 1988) . In forestry, inbred lines have seldom been used as it is usually prohibitively time-consuming to conduct the required multiple generations of inbreeding in tree species (Russell and Ferguson 2008) due to slower generational turnover rate. Moreover, most tree species are known to exhibit severe inbreeding depression (Eriksson et al. 1973; Wu et al. 2016) . Thus, clonal field trials with family structure are a more common method to estimate non-additive, in particular, epistatic genetic variance. Currently, genomic data with numerous markers distributed genome-wide using exome capture (Thistlethwaite et al. 2017; Chen et al. 2019) , Genotypingby-sequencing (GBS) (Ratcliffe et al. 2015) or SNP-chips (Tan et al. 2018 ) are becoming gradually available and genomic relationship matrices for additive, dominance, and epistatic effects can be calculated to estimate the additive, dominance, and epistasis genetic variances. Predicted genomic breeding values can also be compared with the traditional pedigree-based breeding values (Muñoz et al. 2014) . Given a multitude of markers, all genetic effects could be estimated and dissected even using a simple half-sib progeny trial of large enough sample size. However, so far, experiments were usually not large in genomic studies with a limited number of individuals within family sampled; the estimates are not accurate enough for studying various deployment strategies.
Growth traits
In this study, large clonal trials with half-sib and full-sib family structures were used to partition the total genetic variance into its basic components (V A , V D , and V I ). We found that V A accounted for a large proportion of the total genetic variance (45.1-67.8% in full-sib clonal trials and 33.5-48.1% in halfsib trials), indicating that the use of breeding values can capture considerable additive genetic gain. For growth traits in full-sib clonal trials, only DBH showed a small amount of V D (10.6%) in relation to V G , but epistatic effects accounted for a considerable amount of the total genetic variance (32.2-55.2%, with large standard errors), indicating that the use of clonal deployment strategies (CRCF and maybe also CINF) could greatly improve genetic gain compared with the deployment of seedlings where V A (SOPF and SHSB) plus, at best, a fraction of V D (SFSB) can be exploited. In contrast, Chen et al. (2019) used both pedigree-based and genomic-based relationship matrices to estimate all genetic effects in Norway spruce and could not find any epistatic variance at all for tree height but instead obtained a considerable V D estimate. The result of our study suggests, however, that V I for growth traits in Norway spruce is much more important than V D in line with other studies such as in white spruce (Picea glauca (Moench) Voss) by Weng et al. (2008) and black spruce (Picea mariana (Mill.) B.S.P) by Mullin and Park (1994) . In a radiata pine (Pinus radiata L.) study, DBH at age 5 years showed a large amount of epistatic variance (35.7%) in relation to V G (Baltunis et al. 2009 ). In a loblolly pine (Pinus taeda D. Don) study, however, the tree height at age 2 in six trials exhibited a negative estimate of epistasis (Baltunis et al. 2007 ). In a disconnected partial diallels of coastal Douglas fir (Pseudotsuga menziesii var. menziesii DOUGL.) progeny study, Yanchuk (1996) reported that V D /V A varied from 75 to 260% for three growth traits. The relative comparison of the V D and V I estimates of our study should be interpreted with caution because the full-sib trial design offered only a limited representation of crosses for each investigated parent (on average 1.3 crosses per parent) and very high standard error thereby making an accurate estimation of V D difficult. In conclusion, the non-additive effects seem to be an important part for growth traits and comparable with additive effects in Norway spruce, but the relative amount of variance for dominance and epistatic effects may change with the population, and their size, and the number of full-sib within a test population, and species. Fig. 1 The trend of genetic gain for DBH 12 based on the four selection scenarios: (1) selecting the best ten clones based on genetic values for DBH 12 without any constraints with respect to interrelatedness from sampled subsets of clones from the full-sib clonal trials using family sizes ranging from five to 40 clones per family;
(2) selecting the single best clone in each of the best ten families from the same sampled subsets;
(3) selecting the best 20 clones irrespective of family; and (4) selecting the single best clone in each of the best 20 families
Wood quality traits
For the wood quality traits on three sites, Pilo in full-sib clonal trials and Resi in half-sib clonal trials showed some appreciable non-additive genetic effects (Table 8 ). Pilo in the full-sib clonal trials showed a V D estimate that accounted for 54.5% of the total genetic variance but in the two half-sib clonal trials, the non-additive genetic variance for Pilo was estimated at zero. In Eucalyptus, Costa e Silva et al. (2004) reported that epistatic effects explained 22.7% of the total genetic variation for Pilo while dominance genetic effects explained no variation at all. In this study, we did not observe any non-additive effects for acoustic velocity (AV). In contrast, Chen et al. (2019) found small but appreciable dominance and epistatic effects for AV in two full-sib progeny trials of Norway spruce in northern Sweden. It seems there was less non-additive genetic variance in wood quality traits than in growth traits in Norway spruce as similarly observed in other pines (Wu et al. 2008) , which may partly be a result of less field environmental error or nursery treatment effects (e.g., sizes of cutting or positions of ortet influence, one of C effects (Burdon and Shelbourne 1974) in forestry) affecting the wood properties compared with growth traits.
Heritability
Both narrow-sense and broad-sense heritabilities are traitspecific and population-specific and are greatly influenced by the homogeneity of the environment containing the genetic test . In this study, the individual-tree heritability (h 2 and H 2 ) estimates were low for growth traits (0.03-0.09 and 0.09-0.20, respectively), but the large number of clones and families in the full-sib (1430 and 32, respectively) and half-sib (2244 and 138, respectively) trials with low standard errors, nonetheless, indicated that estimates of h 2 and H 2 were accurate (Perron et al. 2013) . For wood quality traits, moderate estimates of h 2 and H 2 were in the ranges 0.21-0.43 and 0.29-0.49, respectively, which is in line with a previous study for Norway spruce . The additive by environmental effect (GEI) was non-significant or low (0-1.8%) from the four full-sib trials, resulting in insignificant impact on the estimation of heritability. The GEI were higher (4.7-9.3%) in two half-sib trials than the corresponding percentages for the full-sib trials. Such GEI may decrease heritability estimates in the joint-site analyses.
Heritability of growth traits
In this study, we used joint-site models to estimate h 2 and H 2 for most the growth traits. Moreover, G × E interaction was accounted for by excluding G × E sources of variance in numerator in the equation of heritability estimates in contrast to many other studies for Norway spruce (Hannrup et al. 2004; Kroon et al. 2011 ). Estimates of h 2 for tree height were lower (0.04-0.07) than the values of other published results with seedlings using joint-site models for Norway spruce Skrøppa et al. 2015) . Estimates of H 2 for tree height were in the range 0.12-0.16 which is comparable with other studies, such as 0.13 for tree height at age 6 (excluding G × E) , 0.17-0.29 for tree height at age 9 (including G × E) , 0.25-0.29 for tree height at ages 3 to 10 years (Bentzer et al. 1989) , and 0.09-0.43 for tree height at ages 9 to 18 years (including G × E) (Högberg and Dutkowski 2010) , and 0.10-0.22 for height at age 17 (including G × E). Compared with those published studies with high prior intense selection in the nursery, the difference here may be that only a slight prior selection was performed and that may produce less bias in the estimation of h 2 and H 2 . The H 2 estimates for DBH (0.09-0.12 from ages 12 to 25) and VOL (0.12-0.19 from ages 12 to 13) are also comparable with previously published results (Bentzer et al. 1989) where H 2 was 0.12 for both DBH and VOL at the age of 10. The total genetic variance and H 2 are expected to be higher than the corresponding additive variance and h 2 if there is a non-additive genetic variance. In the present study, the ratios of V A /V G ranged from 0.34 to 0.68 (V N /V A = (V D + V I )/V A , 0.50-1.94) for growth traits (tree height, DBH, and VOL) leaving considerable amounts of genetic variation to be explained by non-additive sources. Kroon et al. (2011) reported slightly higher but still relatively small ratios of V A /V G (0.60-0.84) using three full-sib clonal trials in Norway spruce. These results indicate that non-additive effects are important for the Norway spruce breeding program. In this study, we found that H 2 CL estimates were lower than numerous corresponding estimates in other conifer species (Mullin and Park 1994; Baltunis et al. 2007 Baltunis et al. , 2009 Weng et al. 2008) . The most probable explanation for this discrepancy is that Norway spruce clonal progeny test series in Sweden often only plant approximately 14 ramets per clone, compared with several times this number for test series of other species. Consequently, growth traits that were measured only at a single site, thus encompassing only approximately three ramets per clone. Traits were measured in several trials, such as HT 6 in full-sib clonal trials. H 2 CL estimates for tree height (0.38-0.60 for tree aged 3 to 6) were comparable with the other results (Lepistö 1993 0.75-0.78, Bentzer et al. 1988 0.63-0.95 for tree aged 1, 0.45-0.73 for tree aged 5), which all excluded G × E effects in the estimate of clonal mean heritability). In our half-sib clonal trials, the H 2 CL estimate for tree height at age 6 years (0.38) was much lower than that at age 3 (0.55). Compared with the higher H 2 CL estimate for HT 3 , we found that higher estimates of G × E interactions (σ 2 AxL and σ 2 NxL ) for HT 6 as the most probable reason for the lower H 2 CL estimate of this trait. C effects in the nursery might increase H 2 CL at a young age as well. For HT 6 that σ 2 AxL /σ 2 A >1 and σ 2 CxL /σ 2 C =0.42, it suggests that the deployment of such clones in multiple environments, such as in two breeding zones with different requirements of phenology (Berlin et al. 2019) , should properly consider G × E interactions.
Heritability of wood quality traits
In the present study, h 2 estimates for wood traits (0.21-0.45) were comparable with those of other published results (0.15-0.50, e.g., AV, Pilo, and MOE) (Hallingbäck et al. 2010; Chen et al. 2015) . The ratios of V A /V G ranged from 0.45 to 1.00 (V N /V A = (V D + V I )/ V A at 0.00-0.90 for wood properties and the values were usually lower than those for growth traits, indicating that non-additive effects would contribute less to the prospective increased gains of wood quality traits in a clonal deployment situation than what would be possible for growth traits.
Response for different selection scenarios
To maximize genetic gain is one of the most important objectives for tree improvement programs. However, accurate predictions of genetic gain require reliable estimates of all parameters (Mullin and Park 1992) . In this study, we used 1% of the available number of clones as the selection intensity implying a selection of 14 and 24 clones from the full-sib and half-sib clonal populations respectively (CRCF strategy). These numbers have been suggested suitable for clonal forestry in order to maintain genetic diversity in Sweden at the stand level (Rosvall et al. 2019) . The estimated genetic gains (EGGs) from such a selection were 17.3 to 20.8% for tree height (if multi-site analyses are considered). These estimates were close to previous estimates for Norway spruce, e.g., 15.0% and 25.0% (Karlsson 1993) , 11.5-14.8% for tree height at age 5 years (Bentzer et al. 1988) in Sweden, and 13.1-19.1% in Finland in the same species (Lepistö 1993) . Based on previously published documents, Wu (2018) summarizes that in conifer species, an extra genetic gain of 5-25% would be possible from clone testing and deployment, effectively doubling that achievable from backward family-based selection strategies (e.g., SHSB and SFSB). Similarly, a study on radiata pine reported 24% genetic gain, a relative improvement of more than 100% over family forestry (SFSB) (Baltunis et al. 2009 ). The differences with respect to estimated extra gains were mainly dependent on the size of the population, the number of tested clones within-family, the accuracy of the progeny testing, and the ratio of additive to nonadditive genetic variances (Wu 2018) .
If the top 1% of replicated clones were selected for vegetative propagation (CRCF), genetic gains for DBH at age 12 years were estimated to reach 19.0%, a relative improvement of 48.4% over full-sib family deployment (SFSB) and 134.6% over half-sib family deployment (SHSB) at the same selection intensity. A 1% selection of replicated clones would also be doable in practice (14 and 24 clones from full-sib and half-sib-trials, respectively). However, with respect to the backward family selection strategies (SFSB, SHSB), it should be noted that in the Swedish breeding program, each breeding population comprise only 50 parents and 50 crosses on average. Thus, a 1% selection intensity would imply a single family being selected and deployed as family forestry which would not be practicable from the point of genetic diversity unless several breeding zones were combined as a single seed orchard. However, for deployment, each seed orchard is usually established with ca. 16-20 parents/clones, thus producing 16-20, or even more, half-sib or full-sib families for deployment (Lindgren and Prescher 2005) . For SFSB and SHSB strategies, a realistic selection intensity would be ca. 32-40% (i in the range 1.12-1.40) rather than 1% (i = 2.67). Thus, from a practical point of view, the relative superiority of CRCF in comparison with SFSB and SHSB would likely be greater in terms of genetic gain than the apparent theoretical estimates shown in Table 7 .
In order to estimate the optimal family size for the clonal deployment of the best-selected clones (CRCF strategy), genetic gains were estimated by simulations and clones were sampled into prospective subsets. Genetic gains predicted from this procedure are therefore better comparable with Δ G H 2 CL rather than to ΔG H 2 . We found that the realized genetic gain from clonal propagation will be maximized given the availability of 30-40 clones per family, which is also the current Swedish operational design in clonal tests of Norway spruce, both with respect to selecting the best ten/20 clones without any restrictions on the relationships among the selected clones and the best single clone from the best ten/20 families. The maximum realized genetic gain was then found to be 20.2/18.9% and 19.3/16.2% for each selection scenario, respectively. To consider the genetic diversity, a deep simulation based on the current data could be done in the future as other studies (Rosvall et al. 1998; Weng et al. 2010 ). The study of genomic selection (GS) has been conducted currently in many commercial tree species, such as Norway spruce (Chen et al. 2018) , white spruce, loblolly pine, radiate pine, Maritime pine Isik et al. 2016) , and Eucalyptus (Resende et al. 2012; Denis and Bouvet 2013; Tan et al. 2017) , but focusing on the seedling progeny trials. If a prospective deployment strategy would entail the establishment of a conventional Norway spruce clonal field test in combination with SE technology (Egertsdotter 2019) , the whole process would require ca. 14 years in Sweden, including a nursery stage (2 years), a field test (10 years), and an additional nursery stage (2 years) with implying an annual genetic gain of 1.4% using replicated clonal selection (CRCF). However, it should be noted that if GS methods were applied for clonal forestry, then the process would only require 2 years in the nursery to make rooted cuttings with the maximum two additional months in the laboratory for DNA extraction and genotyping. In such a GS scenario, the annual genetic gain would instead be about 9% if we consider that GS has the same accuracy as a traditional pedigree-based selection. Furthermore, if somatic embryogenesis using cryostorage could be combined with GS, then the time required by the process could be further reduced from 2 years to 6 months in the nursery stage.
Conclusions
The aim of clonal deployment in forestry is to utilize nonadditive genetic effects plus the fact that individual clones can be replicated and therefore better tested in the field. The estimates of genetic parameters and genetic gain for different traits will assist the design of clonal forestry and guide the Norway spruce clonal deployment strategy. Here we conclude that: 1) Both additive and non-additive genetic variances seem to be almost equally important for Norway spruce growth traits. 2) Both individual-tree heritabilities h 2 and H 2 were higher for wood quality traits (Resi, Pilo, AV, and MOE) than for the corresponding heritabilities for growth traits. H 2 CL -estimates based on clonal means were always the largest in magnitude in comparison with h 2 and H 2 for all studied traits.
3) The generation of 30-40 clones per full-sib family will assure the maximum realized genetic at future clonal propagation following a selection scenario of either selecting the best ten/20 clone from the population (no restrictions on co-ancestry) or selecting the single best clone from the best ten/20 families. 4) In most cases, the predicted genetic gains using clonal deployment based on clonal mean selection (CRCF) yielded the largest genetic gains, followed by the deployment of specific full-sib families (SFSB) and seedling deployments based on open-pollinated selected parents (SHSB) or selected individuals (SOPF). If the top 1% of replicated clones were selected for vegetative propagation (CRCF), genetic gains for DBH at age 12 years were estimated to reach 19.0%, a relative improvement of 48.4% over full-sib family deployment (SHSB), and 134.6% over half-sib family deployment (SFSB) at the same selection intensity.
